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ABSTRACT
Using archival Chandra observations with a total exposure of 510 ks, we present an updated
catalog of point sources for Globular Cluster 47 Tucanae. Our study covers an area of ∼ 176.7
arcmin2 (i.e., with R . 7.5′) with 537 X-ray sources. We show that the surface density dis-
tribution of X-ray sources in 47 Tuc is highly peaked in cluster center, rapidly decreases at
intermediate radii, and finally rises again at larger radii, with two distribution dips at R ∼ 100′′
and R ∼ 170′′ for the faint (LX . 5.0×1030 erg s−1) and bright (LX & 5.0×1030 erg s−1) groups
of X-ray sources, separately. These distribution features are similar to those of Blue Straggler
Stars (BSS), where the distribution dip is located at R ∼ 200′′ (Ferraro et al. 2004). By fitting
the radial distribution of each group of sources with a “generalized King model”, we estimated
an average mass of 1.51 ± 0.17 M⊙, 1.44 ± 0.15 M⊙ and 1.16 ± 0.06 M⊙ for the BSS, bright
and faint X-ray sources, respectively. These results are consistent with the mass segregation
effect of heavy objects in GCs, where more massive objects drop to the cluster center faster and
their distribution dip propagates outward further. Besides, the peculiar distribution profiles of
X-ray sources and BSS are also consistent with the mass segregation model of binaries in GCs,
which suggests that in addition to the dynamical formation channel, primordial binaries are also
a significant contributor to the X-ray source population in GCs.
Subject headings: binaries: close — globular clusters: individual (NGC 104) — X-rays: binaries — stars:
kinematics and dynamics
1. Introduction
Globular Clusters (GCs) are ancient stellar sys-
tems that evolve with some fundamental dynam-
ical processes taking place on timescales shorter
than (or comparable to) their absolute age, which
make them a unique laboratory for learning about
two-body relaxation, mass segregation, stellar col-
lisions and mergers, and gravitational core collapse
(Heggie & Hut 2003). Among all of these dynam-
ical interactions, the two-body relaxation plays a
fundamental role in driving cluster evolution, as it
dominates the transportation of energy and mass in
GCs. Stars are driven to reach a state of energy
equipartition by two-body relaxation, massive stars
(or binaries) therefore tend to lose energy and drop
to the lower potential well of GCs. Whereas for
lower mass stars, they tend to obtain energy and
move faster, and will migrate outwards and even es-
cape from the host clusters (Heggie & Hut 2003).
The concept of core collapse, linked to the insta-
bility caused by the negative heat capacity of all
self-gravitating systems, was first investigated theo-
retically in the 1960s and confirmed observationally
in the 1980s (see Meylan & Heggie (1997) for a re-
view). During the phase of core-collapse, the stellar
density in the cluster core may increase by several
orders of magnitude, which significantly increases
the frequency of interactions and collisions between
stars.
Binaries are thought to play an essential role in
the evolution of GCs, as they have much larger cross
section and hence much higher encounter frequency
than the single stars in GCs (Hut et al. 1992). More
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importantly, binaries in GCs may serve as the reser-
voir of energy: encounters of binaries in GCs will
obey the Hills-Heggie law, soft binaries (with bound
energy |Eb| less than the averaged kinetic energy
Ek of the GC stars) tend to absorb energy and
become softer or be disrupted, while hard binaries
(with |Eb| > Ek) tend to transfer energy to passing
stars and become harder (Hills 1975; Heggie 1975;
Hut 1993). Encounters of hard binaries in GCs
can thus strongly influence the cluster evolution—
sufficient to delay, halt, and even reverse core col-
lapse (Heggie & Hut 2003).
Observationally, many exotic objects have been
detected in GCs, including Blue Straggler Stars
(BSS) (Sandage 1953), low-mass X-ray binaries
(LMXBs) (Clark 1975; Katz 1975), millisecond pul-
sars (MSPs) (Camilo & Rasio 2005; Ransom 2008),
cataclysmic variables (CVs) and coronally active
binaries (ABs) (Grindlay et al. 2001; Pooley et al.
2002; Edmonds et al. 2003a,b; Heinke et al. 2005).
All of these objects either are experiencing the dras-
tic binary evolution stage (i.e., LMXBs, CVs, ABs)
or are the immediate remnants of close binaries (i.e.,
BSS, MSPs). Compared with normal binaries, ex-
otic objects hosted in GCs are brighter in luminosity
(either in optical, X-ray or in radio band) and can
be easily detected and picked out from the dense
core of clusters, making them ideal tracing parti-
cles of studying stellar dynamical interactions and
cluster evolution.
For example, in searching of BSS in GCs,
Ferraro et al. (1993) found that the radial distri-
bution of BSS in M3 are bimodal, with two popu-
lations of BSS located at cluster center and larger
radii, separately, and a region devoid of BSS exists
at the medium radii. Furthermore, Ferraro et al.
(2012) found that GCs can be classified into three
families (i.e., Family I, II and III) with increasing
dynamical ages. In this scenario, BSS is flatly dis-
tributed with respect to the radial distribution of
normal stars in dynamically young (Family I) GCs.
However, two-body relaxation will drives the BSS
sedimentation toward the cluster center, modifying
the flat BSS distribution into a bimodal shape, with
a central peak, a dip and an outer rising branch in
intermediate dynamical age (Family II) GCs. As
time goes on, the radial distribution dip will prop-
agate outward gradually, and eventually leading to
a unimodal BSS distribution that monotonically
moves outward in dynamically old (Family III) GCs.
Based on these findings, Ferraro et al. (2012) sug-
gested that BSS in GCs can be utilized to build a
“dynamical clock” of evaluating cluster evolution.
For X-ray sources detected in GCs, majority of
them are found to be CVs and ABs, while few have
been identified as LMXBs and MSPs (see Heinke
(2010) for a review). These objects are suggested to
be dynamically formed in GCs (Pooley et al. 2003;
Pooley & Hut 2006), and the abundances (i.e., num-
ber per unit stellar mass) of LMXBs and MSPs
are found to be orders of magnitude higher in GCs
than in the Galactic field (Clark 1975; Katz 1975;
Camilo & Rasio 2005; Ransom 2008). Meanwhile,
the cumulative X-ray emissivity (i.e., X-ray luminos-
ity per unit stellar mass) of many GCs are found to
be slightly lower than that of the solar neighborhood
stars and the dwarf elliptical galaxies (Ge et al.
2015; Cheng et al. 2018a). This suggests a dearth
rather than over-abundance of CVs and ABs in most
GCs relative to the field. To explain this contrast,
Cheng et al. (2018a) argued that stellar interactions
(i.e., binary-single or binary-binary encounters) in
GCs are efficient in destroying binaries, and a large
fraction of soft primordial binaries have been dis-
rupted in GCs before they can otherwise evolve
into CVs and ABs. For the remaining hard pri-
mordial binaries, they are likely being transformed
into X-ray-emitting close binaries by stellar interac-
tions, leading to a strong correlation between binary
hardness ratio (i.e., the abundance ratio of X-ray-
emitting close binaries to main sequence binaries)
and stellar velocity dispersion in GCs (Cheng et al.
2018b).
However, most of the previous work (i.e., Pooley et al.
2003; Pooley & Hut 2006; Cheng et al. 2018a,b) on
GC X-ray sources were confined within the cluster
half-light radius, where stellar density is high and
stellar dynamical interactions cannot be ignored.
For X-ray sources located in the cluster halo, they
are more likely to descend from primordial bina-
ries and have not experienced strong encounters;
however, two-body relaxation is efficient in driving
these systems sedimentation to cluster center. This
process was ignored in previous work. Hence, it re-
mains an open question whether radial distribution
of X-ray sources shall be similar to BSS in GCs.
Globular cluster 47 Tuc is massive (M ∼ 106M⊙,
Harris 2010 edition) and of relatively high stellar
concentration (c = 2.01 ± 0.12, McLaughlin et al.
2006), making it one of the clusters with the highest
predicted stellar encounter rate in the Milky Way
(Bahramian et al. 2013). Observationally, main se-
quence binary fraction in 47 Tuc was found to be
lower (fb = 1.8 ± 0.6%) than that of other GCs
(with a typical value of fb ∼ 1− 20%, Milone et al.
2012), which suggests a substantial fraction of pri-
mordial binaries had been disrupted or altered by
close encounters in this cluster. 47 Tuc is a typi-
cal Family II cluster with a bimodal radial distri-
bution of BSS (Ferraro et al. 2004): the BSS dis-
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tribution dip is located at 170′′ < R < 230′′,
which is slightly larger than the half-light radius
(rh = 3.17
′, Harris 2010 edition). In X-ray, 47 Tuc
is well known for its large number of X-ray sources,
many of which have been identified as CVs and ABs
(Edmonds et al. 2003a,b; Heinke et al. 2005), quies-
cent LMXBs (Grindlay et al. 2001; Edmonds et al.
2002) and MSPs (Bogdanov et al. 2006). With a
deep Chandra exposure, Bhattacharya et al. (2017)
presented the largest X-ray sources catalogue for 47
Tuc with 370 X-ray sources. However, due to a
smaller X-ray sources searching region (i.e., within
R = 2.79′), they did not find a significant mass seg-
regation effect of X-ray sources.
In this work, we present the most sensitive
and full-scale Chandra X-ray point source cata-
log for 47 Tuc, which covers an area of ∼ 176.7
arcmin2 (i.e., with R . 7.5′ in 47 Tuc) and has
a maximum effective exposure of ∼ 510 ks (same
as Bhattacharya et al. 2017) at the center of the
cluster. Therefore, the X-ray source catalog pre-
sented in our work is much larger than that of
Bhattacharya et al. (2017) (see Section 3 for de-
tails). This paper is organized as follows. In Sec-
tion 2 we present the Chandra observations and data
preparation. In Section 3, we describe the creation
of the X-ray source catalog. We analyze the X-ray
source radial distributions in Section 4, and explore
its relation to GC mass segregation effect in Section
5. A brief summary of our main conclusions is given
in Section 6.
2. Chandra Observations and Data Prepara-
tion
2.1. Observations and Data Reduction
The central region of 47 Tuc has been observed
19 times by the Chandra Advanced CCD Imaging
Spectrometer (ACIS) from March 2000 to February
2015. Five observations in March of 2000 were per-
formed with the ACIS-I CCD array at the telescope
focus, while the rest were taken with the aim-point
at the S3 chip. As listed in Table-1, 13 observations
were performed with a subarry mode, to minimize
the effect of pileup for bright sources.
Starting from the level-1 events file, we used the
Chandra Interactive Analysis Observations (CIAO,
version 4.8) tools and the Chandra Calibration
Database (CALDB, version 4.73) to reprocess the
data. Following the standard procedures1, we used
the CIAO tool acis build badpix to create a bad pixel
file and employed acis find afterglow to identify and
flag the cosmic-ray afterglows events. We updated
1http://cxc.harvard.edu/ciao
the charge transfer inefficiency, time-dependent gain
and pulse height with acis process events. Most of
the acis process events parameters are set as the de-
fault values and the VFAINT option is set for certain
observations as appropriate. We then removed bad
columns, bad pixels and filtered the events file using
the standard (ASCA) grades (0,2,3,4,6). We also
inspected the background light curve of each ob-
servation and removed the background flares using
lc clean routine. We further adopted the clean data
from chips I0-I3 (for ACIS-I) and chips S2 and S3
(for ACIS-S) for this work.
2.2. Image Alignment and Merging
After generating a cleaned event file for each of
the 19 observations, we needed to create a merged
image for 47 Tuc in order to detect the faintest
sources. We created a flux image with a binsize of
0.5 pixel in 0.5 − 7 keV band for each observation,
and created a PSF map with CIAO tool mkpsfmap
by assuming a power-law spectrum with a photon
index of Γ = 1.4 and an enclosed counts fraction
(ECF) of 0.4. Supplied with the flux image and
PSF map, we then searched X-ray sources within
4 arcmin off-axis of each observation, by using the
CIAO tool wavdetect with a “
√
2 sequence” wavelet
scales (i.e., 1, 1.414, 2, 2.828, 4, 5.656, and 8 pixels)
and a false-positive probability threshold of 10−6.
Depending on the exposure time of the observations,
∼ 10 − 250 X-ray sources are detected in the indi-
vidual data sets. In order to improve the alignment
between each observation, we refined the position
of the detected X-ray sources with the ACIS Ex-
tract (AE, Broos et al. 2010) package, and adopted
the centroid positions determined by AE from its
“CHECK POSITIONS” stage as the improved po-
sitions of these sources. AE also provides a tool
(i.e., ae interObsID astrometry) to verify the astro-
metric alignment between each observations, which
is performed during the pruning stage of the candi-
date source list (i.e., Section 3.1), to guarantee that
the astrometric offsets between two observations are
better than ∼ 0.1′′ (Broos et al. 2010).
To correct the relative astrometry among the X-
ray observations, we chose the observation (ID:2738)
with the longest exposure time as reference of coor-
dinate, and employed the CIAO tool wcs match to
match and align the X-ray source lists. We set the
search radius of source-pairs to 1′′ and allow the
incrementally elimination of source-pairs with the
highest positional errors by setting residtype=1 and
residlim=0.5. The wcs match creates a transforma-
tion matrix for each individual observation, with
the values of matrix elements range from −1.168′′
to 1.195′′ in linear translation, −0.084◦ to 0.216◦
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Fig. 1.— Chandra merged 0.5-7 keV image of 47 Tuc, smoothed with a gaussian kernel with a radius of 5
pixels. Fields of View of the 19 observations in Table-1 are shown as grey dashed boxes. Only X-ray sources
located within the green circle (R = 7.5′) have been detected and analyzed in this work. The sources shown
in red and green were identified by Bhattacharya et al. (2017), while those in blue are new detections in
this work. We re-identified those sources in red but failed to identify those in green with our source pruning
criterion (see also Section 3.1 for details). A detailed view of the central 2′ × 2′ region (blue square) is
illustrated in Figure-2.
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in rotation, and 0.9985 to 1.0019 in scaling (Table-
1). This matrix was used with wcs update to update
the aspect solution file, which was then supplied to
acis process events tool to reprocess the event file.
The parameters of acis process events are set as de-
scribed in Section 2.1, except that sub-pixel event
repositioning algorithm EDSER2 (Li et al. 2004)
was used to preserve the spatial resolution of point
sources on-axis. This algorithm is helpful in improv-
ing the resolution of nearby sources in the core of 47
Tuc, where stellar density is high and X-ray sources
are crowded.
We combined these 19 cleaned event files into
merged event files and exposure-corrected images
with tool merge obs. Three groups of images have
been created in soft (0.5–2 keV), hard (2–7 keV)
and full (0.5–7 keV) bands and with binsize of 0.5,
1 and 2 pixels, respectively. By setting an ECF of
0.4 and a photon energy of 1.2 keV, 3.8 keV and 2.3
keV for soft, hard and full band, respectively, we
also calculated for each of the 19 observations PSF
maps with mkpsfmap, and combined them into ex-
posure time weighted averaged PSF maps with tool
dmimgcalc. These merged images are only used for
detecting X-ray sources in this work.
3. Catalog of Sources
3.1. Source Detection
To generate the candidate X-ray source list for 47
Tuc, we ran wavdetect on each of the 9 merged im-
ages, using a “
√
2 sequence” of wavelet scales (i.e.,
1, 1.414, 2, 2.828, 4, 5.656, 8, 11.314, and 16 pix-
els). We confined the X-ray sources searching re-
gion as a circle with radius of 7.5 acrmin (Figure-1),
and adopted a false-positive probability threshold
of 1 × 10−7, 5 × 10−6 and 1 × 10−5 for event files
with scale of 0.5, 1.0 and 2.0 pixels, respectively. We
then combined the wavdetect results into a master
source list with the match xy tool from the Tools
for ACIS Review and Analysis (TARA) packages3.
The resulting source list includes 559 sources. Al-
though the relatively loose source-detection thresh-
old introduces a non-negligible number of spurious
sources to the candidate list, we found that dozens
of faint sources are failed to be identified by wavde-
tect within the crowded core of 47 Tuc, and sev-
eral sources within bright neighbours also cannot
be properly resolved. We picked out these sources
by eye and added them into the master source list,
which resulting a final candidate list of 617 sources.
To obtain a reliable source list, we utilized AE to
2http://cxc.harvard.edu/ciao/why/acissubpix.html
3http://www2.astro.psu.edu/xray/docs/TARA/
filter and refine the candidate source list, which was
developed for analyzing multiple overlapping Chan-
dra ACIS observations (Broos et al. 2010). By an-
alyzing the level-2 event files of each observation,
AE builds source and background regions with local
PSF contours4, and creates the source and back-
ground spectra with appropriate extraction aper-
tures. Then by merging the extractions of mul-
tiple observations into “composite” data products
(i.e., event files and spectra for source and back-
ground regions, PSF model, ARF and RMF, etc.),
we are able to perform further analysis of source
properties (such as source validation, position refin-
ing, photometry and spectral fitting, etc.) with AE
(Broos et al. 2010). Standard AE point-source ex-
traction workflow usually involves many iterations
of extracting, merging, pruning, and repositioning
of sources in the candidate catalog5, which is help-
ful to our evaluation of the significance of the X-ray
sources in 47 Tuc. As illustrated in Figure-2, X-ray
sources in the core of 47 Tuc are overcrowded, thus
extraction of point sources is strongly affected by
their neighbours.
For these reasons, we adopted an iterative prun-
ing strategy to examine the validation of each candi-
date source in 47 Tuc. Our source pruning processes
is similar to the steps outlined in the validation pro-
cedure6 presented by the AE authors: all candidate
sources were extracted, merging with multiple ex-
tractions, pruning insignificant sources, reposition-
ing and checking astrometry repeatedly, until a sta-
ble source list with refined positions was obtained.
AE provides an important output parameter, the bi-
nomial no-source probability PB , to evaluate the sig-
nificance of a source. The evaluation of PB is based
on the null hypothesis that a source does not exist in
the source-extraction aperture, and the observed ex-
cess number of counts over background is purely due
to background fluctuations (Weisskopf et al. 2007).
The formula to obtain PB is given by
PB(X ≥ S) =
N∑
X=S
N !
X !(N −X)!p
X(1−p)N−X , (1)
where S is the total number of counts in the source
extraction region and B is the total number of
4Two sets of regions can be constructed with AE in the pho-
tometric analysis of point sources: The contours of the local
PSF, which is defined with a given enclosed counts fraction
(0 <ECF< 1) and can be set as the source extraction regions;
The “mask regions”, which completely cover the sources (the
default mask region in AE is chosen to be 1.1 times a radius
that encloses 99% of the PSF) and can be used to construct
the background regions.
5See Figure 8 of the AE User’s Guide for details
6http://www2.astro.psu.edu/xray/docs/TARA/ae users guide/procedures/
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Fig. 2.— Chandra merged image of the central 2′× 2′ region of 47 Tuc. The image was binned to 0.25′′ per
pixel. The color-coded symbols denote the different types of sources, as in Figure-1.
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counts in the background extraction region; and N
is the sum of S and B; p = 1/(1 + BACKSCAL),
with BACKSCAL being the area ratio of the back-
ground and source-extraction regions. For each
source, AE computed a PB value in each of the three
bands, and we adopted the minimum of the three as
the final PB value for the source. By adopting an
invalid threshold value of PB < 1 × 10−3 for the
candidate source list, we obtained a final stable cat-
alogue with 537 X-ray sources for 47 Tuc.
As comparison, our final catalog of X-ray sources
is much larger than that obtained by Bhattacharya et al.
(2017), which contains 370 X-ray sources within a
radius of 2.79′ in 47 Tuc. Although our X-ray source
searching region is larger (i.e. R ∼ 7.5′), we found
that 61 of the new detections (blue sources in Figure-
1 and 2) are located within R = 2.79′ in our catalog,
while 28 sources (green sources in Figure-1 and 2)
in Bhattacharya et al. (2017) are failed to be recov-
ered in our catalog. Discrepancy may result from
the different source detection and pruning strate-
gies. By adopting a loose source-detection thresh-
old in the wavdetect script, we allow more fainter
X-ray sources to be detected, which ensure the
source completeness (i.e., recovery number of real
sources) of our catalog, but with a sacrifice to enroll
some spurious sources. In order to optimize the bal-
ance between the source completeness and reliability
(i.e., the fraction of potential spurious sources), we
adopted a more strict binomial no-source probabil-
ity threshold (i.e., PB < 1 × 10−3) in AE source
pruning procedure, which is much less than the
value (PB < 1 × 10−1) used by Bhattacharya et al.
(2017).
To compare the performance of our source
detection and pruning strategies with that of
Bhattacharya et al. (2017), we plot PB as a function
of net source counts and photon flux in Figure-3.
Obviously, the new detections (i.e., blue sources in
Figure-1 and 2) of our work are uniformly mixed
with the validated detections (i.e., red sources that
have been cross-identified in Bhattacharya et al.
2017 and this work), which supports the better
source completeness in our catalog. For green
sources in Figure-1 and 2, many of them were found
to have few photons (. 5) and much higher value of
binomial no-source probability (1.5 × 10−2 . PB .
1.0 × 10−1). They were labelled as “c” and were
thought to be marginal detections in the catalog of
Bhattacharya et al. (2017). With a more stringent
pruning PB threshold (i.e., PB < 1 × 10−3), these
sources have been removed from our catalog. We
note that the choice of the PB threshold is an em-
pirical decision, which may range from 10−2 (AE
default) to 10−3 in literature.
3.2. Source Properties
Following source pruning and position refine-
ment, we utilized AE to extract final source and
background spectra for the X-ray sources. The de-
fault AE extraction aperture was defined to en-
close ∼ 90% (evaluated at 1.5 keV) of the PSF
power, which may lead to overlapped extraction
regions in the dense core of 47 Tuc. By reducing
the aperture sizes iteratively and calculating the
energy-dependent photometry correction factors for
the individual sources, AE provides a sophisticated
method to perform source extraction for crowding
environment. In our AE usage, we adopted the de-
fault AE polygonal region as the source extraction
regions for most sources in 47 Tuc, and reduced the
extraction regions to enclose ≈ 40% − 90% of the
local PSF power for sources with close neighbours.
For the background extractions, we adopted the AE
“BETTER BACKGROUNDS” algorithm to build
the background regions. This algorithm models the
spatial distributions of flux for the source of interest
and its neighboring sources using unmasked data,
and then computes local background counts within
background regions that subtract contributions from
the source and its neighboring sources. By setting
a minimum number of 100 counts for each merged
background spectrum to ensure the photometric ac-
curacy, we obtained the background regions of each
source through the “ADJUST BACKSCAL” stage
in AE.
Spectral extractions are first performed inde-
pendently for each source and each observation,
then using AE we have merged the extraction re-
sults to construct composite products (i.e., event
lists, spectra, light curves, response matrices and
effective area files) for each source through the
MERGE OBSERVATIONS procedure. Aperture-
corrected net source counts are derived in 0.5–2
keV (soft), 2–8 keV (hard) and 0.5–8 keV (full),
respectively. About 45% (i.e., 244/537) of the X-
ray sources have net counts greater than ∼ 30 in
the full band, and are available for spectral analy-
sis with the AE automated spectral fitting script.
We modeled the spectra of these sources with an
absorbed power-law spectrum. In all cases the neu-
tral hydrogen column density (NH) is constrained
to no less than 2.3× 1020 cm−2, calculated from the
color excess E(B–V) of 47 Tuc. For the remaining
sources, their net counts are less than ∼ 30 and
the X-ray spectra are therefore poorly constrained.
We converted their net count rates into unabsorbed
fluxes, by using the AE-generated merged spectral
response files and assuming a power-law model with
fixed photon-index (Γ = 1.4) and column density
(NH = 2.3× 1020 cm−2). Taking a distance of 4.02
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Fig. 3.— Binomial no-source probability as a function of the 0.5-8 keV net source counts and photon flux.
Only dim (i.e., PB > 1.0 × 10−9) X-ray sources located within R = 2.79′ have been plotted in this figure.
More bright sources, with larger net source counts or photon flux, were not shown here due to the much
lower value of PB . Sources cross-identified in Bhattacharya et al. (2017) and this work are marked as red
crosses, while new detections of this work are shown as blue crosses.
kpc for 47 Tuc (McLaughlin et al. 2006), we con-
verted the flux of each X-ray source into unabsorbed
luminosity in soft, hard and full bands, respectively.
Finally, we collated the source extraction and
spectral fitting results into a main X-ray source cat-
alog for 47 Tuc. The X-ray sources are sorted by
their Right Ascension. We calculated their distance
to cluster center using the optical central coordi-
nate α = 00h24m05s.67 and δ = −72◦04′52.62′′
(McLaughlin et al. 2006). Our catalog contains 22
columns of information for the 537 X-ray sources
(Table-2), and the full table is available in the elec-
tronic edition of the Journal.
3.3. Sensitivity
As shown in Figure-1, the merged images have
the deepest exposure near the cluster core and much
shallow exposure at the cluster halo, which leads to
significant variation of detection sensitivity (i.e., the
minimum flux at which a source would be detected)
across the searching region. In order to estimate
the sensitivity of each point in the survey field, we
created background and sensitivity maps following
the procedures described by Xue et al. (2011) and
Luo et al. (2017) in Chandra deep field-south sur-
vey. Briefly, we first masked out the main catalog
sources from the full band merged image using circu-
lar regions with mask radii (rmsk) provided by AE.
We then filled in the masked region for each source
with the background counts from a local annulus
with inner to outer radii of rmsk − 2.5rmsk. Due
to the crowding of X-ray sources, the default an-
nuli for background counts are strongly overlapped
with neighbouring sources in the core of 47 Tuc.
Therefore, for X-ray sources located in R ≤ 20′′
and 20′′ < R ≤ 40′′, we filled in them with back-
ground counts from an uniform background region
separately. This uniform background region was de-
fined by subtracting the mask regions of detected
X-ray sources within the circle region with R ≤ 20′′
and the annulus region with 20′′ ≤ R ≤ 40′′, respec-
tively.
The resulted source-free background map was
then used to calculate the limiting sensitivity map,
which is the flux limit required for a source to be
selected by our PB criterion. To follow the behav-
ior of AE in photometry extraction of the main-
catalog sources, we defined for each pixel a circular
source extraction aperture with the local 90% PSF
ECF radii. Due to the off-axis effects, the value
of BACKSCAL (i.e., area ratio of the source to
background extraction regions) is depends on the
off-axis angles in AE. Therefore, for a given pixel in
the survey field, we also computed its off-axis an-
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Fig. 4.— (a): 0.5-8 keV photon flux as a function of projected distance from the cluster center. The color-
coded lines represent the median (red), minimum (green) and maximum (blue) limiting detection count rate
at corresponding radial bins, respectively. The total source samples ((a) and (b)) are classified into the faint
(c) and bright group (d) of X-ray sources separately, and their surface density distributions are displayed in
Figure-5. Samples selected by the dotted boxes in (a) are shown in Figrue-6 and Figure-7, which have the
advantage of unbiased detection. The two distribution dips are marked by magenta arrows.
gle θp, and set the value of BACKSCAL to the
maximum value of the main-catalog sources that are
located in an annulus with the inner/outer radius
being θp − 0.25′/θp + 0.25′ (note that the adopted
maximum BACKSCAL value corresponds to the
highest sensitivity). With the defined source extrac-
tion aperture, BACKSCAL and background map,
we then calculated for each pixel the background
counts (B). The detection sensitivity (S), which is
the minimum number of source counts required for
a detection, can be obtained by solving Equation (1)
with survey PB threshold value of 1×10−3. Finally,
We computed for each pixel the limiting detection
count rates with the exposure map, and converted
it into limiting fluxes by assuming an absorption
power-law model with photon-index Γ = 1.4 and
column density NH = 2.3× 1020 cm−2.
The limiting detection count rates of each pixel
are shown as a function of projected distance from
the cluster center in Figure-4(a). The median, mini-
mum and maximum value of detection limit at each
radial bin is represented as red, green and blue dot-
ted lines, respectively. For comparison, we also plot
the photon flux of the 537 X-ray sources as diago-
nal crosses in Figure-4 (a). As the figure suggests,
the merged images have a deepest and relatively flat
limiting sensitivity (Fp ∼ 6×10−8 photon cm−2s−1)
within R . 2.8′. At larger cluster radii, the de-
fined survey field is poorly covered by the Chandra
(subarry) ACIS-S Field of Views (see also Figure 1),
thus, the median of the sensitivity curve decreases
significantly with increasing R. However, almost all
of the main-catalog X-ray sources are located above
the minimum sensitivity line.
4. Analysis: Source Radial Distribution
Despite the sensitivity variation across the survey
field, we found that X-ray sources in 47 Tuc can be
divided into several groups according to their loca-
tions in Figure-4(a). Specifically, the radial distri-
bution of the bright X-ray sources (i.e., sources with
photon flux Fp & 1×10−6 photon cm−2 s−1 or lumi-
nosity LX & 5.0×1030 erg s−1) is bimodal, with two
peaks located at the cluster center and R ∼ 6′, re-
spectively. A broad dip exists between 1′ . R . 4′
(marked by magenta down arrow), and a narrow
dip is evident around 1.5′ . R . 1.8′ (magenta up
arrow) for the faint X-ray sources (i.e., Fp . 1 ×
10−6 photon cm−2 s−1 or LX . 5.0× 1030 erg s−1).
These distribution dips can also be clearly identified
from Figure-4(b), 4(c) and 4(d), where the radial
distributions of total, bright and faint X-ray sources
are presented as black, red and olive histograms, re-
spectively. Since the 47 Tuc is very close (with an
angular distance of ∼ 2.3◦) to the Small Magellanic
Cloud (SMC), some of the X-ray sources could be
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Fig. 5.— Radial surface density distribution of the faint (a) and bright (b) groups of X-ray sources in 47
Tuc. The red and olive dots donate the observed X-ray sources. The black dashed curves represent the
CXB contributions. Due to the substantial decrease of the effective exposure, the CXB component in (a)
drops significantly at large radius (i.e., beyond ∼ 4′). The black solid lines mark the profile of stellar density
convolving with the sensitivity function, which was calculated with the best-fitting King model of 47 Tuc and
normalized to match the total number of GC X-ray sources in each group. The solid blue lines are the sum
of CXB and the King model components. The lower panels show the residual of the observed X-ray sources
(NX) after subtracting the model predicted X-ray sources (NK +NB). X-ray sources are over-abundant in
cluster center and scarce at the distribution dips (magenta arrows) with respect to the distribution of cluster
light.
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associated with the SMC. We check this possibility
by examining the azimuthal distribution of sources
located within 3′ . R . 7.5′, and found that there
is no significant excess of X-ray sources toward the
direction of the SMC. We also examined whether
these distribution dips are created by the coverage
effects (i.e., CCD gaps or variation of detection sen-
sitivity) of the merged observations, and found that
such effects are negligible (Figure-1).
However, classification of X-ray sources in Figure-
4 is challenging, due to the contamination of cosmic
X-ray background (CXB). Assuming a uniform spa-
tial distribution, the CXB contamination will be-
come dominant outside the cluster core since the
survey area grows rapidly with increasing R. To es-
timate the contamination of CXB sources, we plot
the X-ray source surface density as a function of R in
Figure-5. The observed X-ray sources are displayed
as red and olive dots, while the CXB contributions
are shown as black dashed lines. Here we adopted
the logN − logS relations determined by Kim et al.
(2007) to estimate the contribution of CXB sources.
The cumulative number count of CXB sources of
a limiting sensitivity flux S can be estimated with
function
N(> S) = 2433(S/10−15)−0.64 − 186 deg−2. (2)
This function is derived from Equation (5) of
Kim et al. (2007), by assuming a photon index of
Γ = 1.4 for the Chandra ACIS observations in 0.5-8
keV band.
Figure-5 suggests the excess of X-ray sources over
the CXB can be reasonably accounted for by the GC
X-ray sources. For the faint group of X-ray sources,
the excess (∼ 336 sources) drops rapidly with in-
creasing R and becomes insignificant at R ∼ 6.0′.
Beyond R ∼ 6.0′, the predicted CXB contribution
matches well with the observed surface density pro-
file. For the bright group of X-ray sources, the ex-
cess (∼ 70 sources) over the CXB is evident within
R . 2.5′ and 4′ . R . 7.5′, and becomes negligible
at 2.5′ . R . 4′. Apparently, even when the CXB
sources are taken into account, the two distribution
dips are still evident in Figure-5.
To quantitatively evaluate the significance of the
distribution dips, we modeled the radial distribu-
tion of GC X-ray sources with the stellar density
profile of 47 Tuc. Through out this work, we uti-
lized the King model (King 1962) to calculate the
radial distribution of normal stars in 47 Tuc. The
cluster concentration (c = 2.01) and core radius
(rc = 20.84
′′) are adopted from McLaughlin et al.
(2006), which were determined using stars with mass
of 0.85M⊙ . M∗ . 0.9M⊙. We then convolved
the King model profile with the sensitivity function,
and normalized the model profile to match the to-
tal number of GC X-ray sources in each group. The
King model profiles are plotted as black solid lines in
Figure-5, while the sum of the CXB and King model
components are represented as blue solid lines. We
defined the significance of the distribution dip as
(NK +NB−NX)/
√
N2Kσ
2
K +N
2
Bσ
2
c +N
2
Xσ
2
P . Here
NK is the number of X-ray sources predicted by
the King model, σK is the fitting error for the King
model, σP = 1/
√
NX is the the Poisson error for the
observed number of sources (NX), and σ
2
c is the vari-
ance of CXB sources (NB). By adopting a nominal
error of σK = 5% for the King model estimation and
a CXB variance of σ2c = 2.25% for the Chandra sur-
veyed field (with an area of ∼ 0.05 deg2) in 47 Tuc
(Moretti et al. 2009), we adjust the locations and
widths of the distribution dips, and found a maxi-
mum significance of∼ 7.3σ and∼ 6.3σ for the bright
(with 119′′ 6 R 6 253′′, NK = 16.5, NB = 10.9
and NX = 7) and faint (with 99
′′ 6 R 6 113′′,
NK = 16.9, NB = 3.5 and NX = 4) distribution
dips, respectively.
Compared with BSS, the split of X-ray sources
into two sub-populations in radial direction sug-
gests that they may have experienced similar mass
segregation effect. To test this hypothesis, we set
normal stars as reference and compare their cu-
mulative radial distribution with that of the X-ray
sources in 47 Tuc. Due to the variation of detec-
tion sensitivity across the surveying field, we need
to ensure that the selected sample of the X-ray
sources are observationally unbiased. To maximize
the sizes of source samples and minimize the CXB
contamination, we set a lower photon flux limit of
∼ 1×10−7 photon cm−2s−1 for the faint group of X-
ray sources, and confined the source selection region
as R . 200′′ (i.e., red dotted box in Figure-4(a)).
The final sample contains 250 X-ray sources. About
35 of them are CXB sources. For the bright group
of X-ray sources, 113 sources are located within
R . 450′′ (olive dotted box in Figure-4(a)), where
∼ 43 sources are from the CXB.
Assuming that the CXB sources are uniformly
distributed across the survey field, we corrected the
cumulative distribution of X-ray source samples for
CXB contamination, following the Monte Carlo pro-
cedure described in Grindlay et al. (2002). A to-
tal of 1000 bootstrap resamplings were generated
for each group of X-ray sources. For each of the
bootstrap sample, we simulated the CXB sources
using a Poisson distribution with a mean number
of 35 (or 43). The CXB sources were set to have
a uniform spatial distribution, and the closest ac-
tual sources to these positions were removed from
the bootstrap sample. The average of the 1000
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background-corrected sample distributions was then
adopted as the best estimate for the corrected cu-
mulative distribution.
Following the procedures presented by Ferraro et al.
(1993) and Ferraro et al. (2004), we first plot the cu-
mulative distribution of X-ray sources as a function
of R in the upper panels of Figure-6. The faint
and bright group of X-ray sources are shown as red
and olive step lines, while the cumulative distribu-
tions of the reference normal stars are displayed as
blue lines. Apparently, the X-ray sources are more
concentrated than the normal stars in the central re-
gion, and less concentrated in the outer region. This
feature is better illustrated in the middle panels of
Figure-6, in which the two sub-populations of each
group of X-ray sources are shown separately. These
distribution profiles are similar to that of BSS (right
panels of Figure-6), which suggests a universal mass
segregation effect for X-ray sources and BSS in 47
Tuc.
As suggested by Ferraro et al. (1993), the mass
segregation effect of X-ray sources in GCs can also
be studied by using the number of X-ray sources nor-
malized to the integrated cluster light. In this case
the survey area is divided into a set of concentric an-
nuli, and the number of X-ray sources (NX) in each
annulus is counted and then normalized to the total
light emitted in that annulus. In order to correct the
contamination (i.e., NB) of CXB sources, We modi-
fied the specific frequency equation of Ferraro et al.
(1993) to
RX =
(Ni/Nt)
(Li/Lt)
, (3)
where Ni = NX − NB (Nt = ΣiNi) is the back-
ground subtracted number of X-ray sources within
each annulus (survey area), and Li (Lt) is the
corresponding V-band luminosity from the annu-
lus (survey area). Following the method used by
Ferraro et al. (1993), we utilized the King model to
estimate the integrated light ratio (i.e., Li/Lt) for
each annulus, and assigned a nominal error of 5%
for the King model estimation. By assuming a Pois-
son error (δNi =
√
Ni) for X-ray source counts, we
calculated the error of RX with the formula
σR = (βσb + σa)/b, (4)
where β = a/b, σa and σb is the error of a and b,
respectively. We listed the data and results for each
annulus in Table-3.
In the bottom panels of Figure-6, we plot the
specific frequency of X-ray sources as a function of
R. The faint and bright group of X-ray sources are
presented as red and olive dots, respectively. For
comparison, we also plot a blue dashed horizontal
line (i.e., RX = 1) in the bottom panels of Figure-
6, which describes a uniform distribution of X-ray
sources with respect to the integrated light of clus-
ter. As shown in the figure, the specific frequency
of X-ray source (RX) reaches its maximum at the
cluster center, decreases to the minimum at the dis-
tribution dips and then rises again. Compared with
the dashed horizontal line, the distribution profile
of RX suggests that the mass segregation is efficient
within the distribution dips and many X-ray sources
have been drifted into the cluster core, leading to an
over-abundance of X-ray sources at the center of 47
Tuc. Beyond the distribution dips, mass segrega-
tion is inefficient, and lots of X-ray sources remain
a large orbit from the cluster center. As a result, an
annulus region devoid of X-ray sources is formed at
the distribution dips.
For comparison, we also plot the cumulative
and specific frequency distributions of BSS (orange
lines and symbols) in the right panels of Figure-
6. The data of BSS in 47 Tuc were adopted
from Ferraro et al. (2004), and only BSS with
0 < R < 700′′ have been illustrated in Figure-6.
We note that the locations and widths (i.e., range
of R with RX . 1.0) of the distribution dips are
R ∼ 100′′ and ∆R ∼ 100′′ for the faint group of X-
ray sources, R ∼ 170′′ and ∆R ∼ 300′′ for the bright
group of X-ray sources, R ∼ 200′′ and ∆R ∼ 500′′
for the BSS, respectively.
5. Discussion
5.1. Mass Segregation of X-ray Sources and
BSS in 47 Tuc
As described by Ferraro et al. (2012), the two-
body relaxation is the main process that drives more
massive objects (such as binaries and BSS) sedimen-
tation to the cluster center, and modifies an initially
flat BSS radial distribution into a bimodal shape.
Due to the highest stellar density, mass segregation
is thought to take place at cluster center first. As
time goes on, heavy objects orbiting at larger radii
are expected to drift toward the core. As a con-
sequence, the region devoid of these heavy objects
will propagate outward progressively, and the two-
body relaxation timescale at the distribution dip is
roughly scaled to the dynamical age of the cluster.
The two-body relaxation timescale in GCs can be
expressed as (Binney & Tremaine 2008):
trelax ∝ σ
3(r)
G2Mρ(r)lnΛ
, (5)
where ρ(r) and σ(r) is the profile of stellar den-
sity and stellar velocity dispersion, respectively, G
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Fig. 6.— Top panels: Cumulative distributions of X-ray sources and BSS as a function R in 47 Tuc. The
color coded step lines represent the faint (red) and bright (olive) groups of X-ray sources, and BSS (orange),
respectively, while the blue solid lines represent the distributions of normal stars predicted by the King model.
The observed distributions of X-ray sources are shown in dotted lines and the CXB-corrected distributions
were shown as solid lines. The vetical dotted lines mark the locations of the distribution dips. Middle panels:
Same as the top panels, but the selected sources were divided into two sub-populations according to their
distibution dips. Bottom panels: Specific frequency of X-ray sources and BSS as a function of the distance
from the cluster center for each of the concentric annuli defined in Table-3. The horizontal dashed line with
specific frequence RX = 1 corresponds to a uniform distribution relatively to the integrated light of the
cluster. Data of BSS were adopted from Ferraro et al. (2004).
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is the gravitational constant, lnΛ is the Coulomb
logarithm, and M is the average mass of the heavy
objects. In GCs, the stellar density profile (ρ(r)) de-
creases dramatically outside the cluster core, which
leads to a steep increase of the two-body relax-
ation timescale from the cluster center to the halo7.
For 47 Tuc, the two-body relaxation time is trh ≈
3.55Gyr at the half-light radius rh = 3.17
′ (Harris
2010 edition), which is much smaller than the age
(t = 13.06Gyr, Forbes & Bridges 2010) of this clus-
ter. Therefore, significant mass segregation effect is
expected to in this cluster.
In Figure-6, we show that the distribution dips
of X-ray sources and BBS are different in 47 Tuc.
Considering that initial conditions and cluster envi-
ronment (i.e., ρ(r), σ(r) and lnΛ) should be same
for all of these objects, the mass of heavy objects
becomes the only factor that affects their distribu-
tion dips in this cluster. According to Equation (5),
massive objects drift to the cluster center faster than
the less massive ones, and their radial distribution
dip propagates outward further. If this is the case,
Figure-6 suggests that BSS in 47 Tuc will be more
massive than the X-ray sources, and the bright X-
ray sources should be more massive than the faint
X-ray sources. Thus, an estimation of the average
mass of each group of heavy objects is helpful to
clarify this issue.
In GCs, radial distribution of heavy objects can
be used to estimate their average mass. For ex-
ample, by analyzing the distribution of the pro-
jected radial distance of LMXBs from cluster cen-
ters, Grindlay et al. (1984) estimated the typical
mass of LMXBs to be ∼ 1.5+0.4
−0.6 M⊙. Their method
assumes that the distributions of LMXBs and nor-
mal stars are in thermal equilibrium. Therefore,
LMXBs will be more centrally concentrated than
that of the normal stars, which allows an estimation
of the average mass ratio (q = MX/M∗) between
these two groups of objects. Grindlay et al. (2002)
presented a maximum likelihood procedure for fit-
ting “generalized King models” to the radial distri-
bution of heavy objects in clusters. In this model,
the projected surface density profile of heavy objects
takes the form (see also Heinke et al. 2005)
S(r) = S0
[
1 +
(
r
rc
)2](1−3q)/2
, (6)
where rc is the cluster core radius, S0 is the normal-
7For example, the typical relaxation timescale in cluster core
(trc) is about 1-3 orders of magnitude lower than the Hubble
timescale (tH ), while typical relaxation timescale at half-light
radius (trh) is slightly less than or comparable to tH (Harris
2010 edition).
ization constant, and q = MX/M∗ is the average
mass ratio of heavy objects over the reference stars,
respectively.
As suggested previously, X-ray sources located
within the distribution dips are dynamically relaxed,
hence energy equilibrium can be established between
them and the normal stars. This is the presump-
tion for estimating the mass of heavy objects with
the radial distributions. Beyond the distribution
dips, the local two-body relaxation timescale of each
group of heavy objects could be much larger than
the cluster dynamical age, thus no energy equilib-
rium can be established and we have to exclude these
sources from our fitting samples. Finally, in order
to better illustrate and compare the radial distribu-
tion of each group of heavy objects, we further con-
straint the “generalized King models” fitting region
as R < 100′′ for all selected sources in Figure-6.
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Fig. 7.— Cumulative radial distributions of each
group of heavy objects in 47 Tuc. For each group,
the actual distribution (solid lines) and maximum-
likelihood fit (dashed lines) are shown. Note that
the BSS (orange) shows the highest degree of cen-
tral concentration, followed by the bright (olive) X-
ray sources and the faint (red) X-ray sources. The
reference normal stars are shown as green lines.
In Figure-7, we plot the CXB-corrected radial
distribution of each group of heavy objects as step
lines. Among all the considered heavy objects,
BSS (orange) shows the highest degree of concentra-
tion, followed by the bright (olive) and faint (red)
group of X-ray sources. We applied the K-S test
to these distributions to check the statistical signif-
icance of the differences. The test yields that the
BBS and bright X-ray sources are different at the
14
15.5% confidence level, while the bright and fain X-
ray sources, BSS and faint X-ray sources are dif-
ferent at 97.9% and 99.3% confidence level, respec-
tively. The distributions of BSS and bright X-ray
sources are similar, but they belong to different pop-
ulations in GCs, thus the lower probability of sta-
tistical difference may result from a similar aver-
age mass between these two types of objects. We
fit the these distributions (shown as dashed lines)
using a maximum-likelihood algorithm, which gives
q = 1.73 ± 0.19 for BSS, q = 1.65 ± 0.17 for the
bright X-ray sources, and q = 1.33 ± 0.06 for the
faint X-ray sources, respectively. Taking an average
mass of 0.875 ± 0.025 M⊙ for the reference normal
stars (McLaughlin et al. 2006), we derived an aver-
age mass of 1.51 ± 0.17 M⊙, 1.44 ± 0.15 M⊙ and
1.16± 0.06 M⊙ for the BSS, bright and faint X-ray
sources, respectively. Here, the fitting confidence is
at 1σ level.
Our results for the BSS average mass are consis-
tent with the those reported in literatures, where
the mass of BSS in 47 Tuc ranges from 0.99M⊙
(De Marco et al. 2005) to 1.7M⊙ (Shara et al. 1997;
Gilliland et al. 1998). By comparing the velocity
dispersion profiles of BSS and main-sequence turn-
off stars in GCs, Baldwin et al. (2016) estimated
an average mass of 1.7+0.56
−0.35M⊙ for BSS in 47 Tuc,
which is consistent within errors with our fit results
in Figure-7. For X-ray sources, their mass depends
on which types of object they belong to. Quies-
cent LMXBs in GCs are thought to have an average
mass of 1.5+0.3
−0.2M⊙ (Heinke et al. 2003), this is con-
sistent with the derived mass of luminous LMXBs
in Grindlay et al. (1984). For the MSPs, CVs and
ABs identified in 47 Tuc, a similar “generalized King
models” fitting estimated that they have an aver-
age mass of 1.47 ± 0.19M⊙, 1.31 ± 0.22M⊙ and
0.99 ± 0.13M⊙, respectively (Heinke et al. 2005).
More importantly, Heinke et al. (2005) found that
the majority of bright X-ray sources in 47 Tuc are
either CVs or quiescent LMXBs, which is much lu-
minous than most of the ABs (see Figure 9 and 10 of
Heinke et al. (2005) for details). Besides, the mass
of ABs in 47 Tuc was found to be correlated with
their X-ray flux, and ABs brighter in X-rays are ex-
pected to be more massive (Edmonds et al. 2003b).
These evidence may indicate that the bright X-ray
sources are dominated by CVs, quiescent LMXBs
or luminous ABs, thus their average mass is signifi-
cantly larger than the faint group of X-ray sources,
which are mainly dominated by faint ABs.
5.2. Formation of Weak X-ray Sources in
GCs: Primordial Binary Evolution ver-
sus Dynamical Encounters
Since the discovery, the origin of weak X-ray
sources (i.e., mainly CVs, ABs, MSPs and quiescent
LMXBs, Heinke 2010) in GCs has received much
attention. In the earlier studies, in which the ex-
posure are shallow and only brighter X-ray sources
(i.e., with LX & 4 × 1031 erg s−1, Pooley et al.
2003) were detected, a strong correlation between
the source counts and the stellar encounter rate has
been found in a dozen of GCs, which are thought
to be an evidence of the dynamical formation of
X-ray sources in GCs (Pooley et al. 2003). But
when more GCs and more fainter X-ray sources (i.e.,
LX . 4× 1031 erg s−1) are included, this correlation
become less significant8, which suggests that the
contribution of primordial binary channel can not
be ignored in GCs (Pooley & Hut 2006; Cheng et al.
2018a). The bimodal distribution of X-ray sources
in 47 Tuc provides further support for the primordial
binaries contribution of weak X-ray sources sources
in GCs. Note that the distribution profiles of RX
and RBSS are similar in Figure-6, which may sug-
gest a universal origin for X-ray sources and BSS
in GCs——namely, both X-ray sources and BSS are
descendant from primordial binaries, and their ra-
dial distribution are consistent with the model of
mass segregation of binaries in GCs. This predic-
tion can further be tested by the finding of X-ray
sources and BSS in the outskirts of 47 Tuc, where
stellar density decreases dramatically and dynami-
cal interactions are less important, thus mainly the
primordial binary formation channel is responsible
for the creation of these sources.
Nevertheless, the two-body relaxation is not the
only process that affect the evolution of primordial
binaries in GCs. As binaries migrate to the dense
core of GCs, they may suffer frequent encounters
with other stars, which can modify the properties
of binaries greatly and abruptly. According to the
Hills-Heggie law, the evolution of binaries in GCs
depends on their bound energy with respect to the
kinetic energy of intruding stars. Stellar encounters
involving hard binaries tend to make them harder,
whereas encounters involving soft binaries drive
them softer and eventually to disruption (Hills 1975;
Heggie 1975; Hut 1993). It is possible for MS bi-
naries to exchange one of their primordial members
with the intruding compact objects and lead to the
formation of CVs or LMXBs in GCs. Alternatively,
8For example, see the fainter group of X-ray sources in the
bottom panels of Figure-2 in Pooley & Hut (2006), or the
Section 3 of Cheng et al. (2018a) for details.
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the interactions between binaries and other stars
may accelerate the evolution of MS binaries and
transform them into ABs, CVs or BSS. As a result,
even for the X-ray sources and BSS detected at clus-
ter center, many of them are likely formed by the en-
counters of primordial binaries (Ferraro et al. 1997;
Mapelli et al. 2004; Knigge et al. 2009; Cheng et al.
2018b).
Recently, observations have revealed two pop-
ulations of CVs in GCs. The X-ray luminos-
ity distribution of CVs in NGC 6397 (Cohn et al.
2010), NGC 6752 (Lugger et al. 2017) and 47 Tuc
(Rivera Sandoval et al. 2018) was found to be bi-
modal. The bright CVs (i.e., young CVs with
Porb & Pgap and LX ∼ 1032erg s−1) were found
to be more concentrated than the faint CVs in these
clusters, especially in the core-collapsed GCs (e.g.,
NGC 6397 and NGC 6752). This suggest that the
bright CVs are recently formed and may suffer from
dynamical encounters in the cluster cores. While for
the faint CVs, they are primordial CVs or CVs that
are dynamically formed a long time ago, and they
may represent the highly evolved population of CVs
(i.e., CVs with Porb . Pgap and LX ∼ 1030erg s−1)
in GCs (Cohn et al. 2010; Lugger et al. 2017). Com-
pared with faint CVs, simulations suggested that
stellar encounters (such as exchange encounters)
are non-negligible in the formation of bright CVs
in GCs (Hong et al. 2017; Belloni et al. 2017), al-
though the mass segregation effect is important in
shaping the radial distribution profile of CVs in GCs
(Belloni et al. 2018).
Therefore, it is likely that both primordial bi-
naries and dynamical interactions are indispens-
able factors that affect the formation of weak X-ray
sources in GCs. Depending on the timescale of bi-
nary evolution versus strong dynamical encounter,
primordial binaries could be transformed into weak
X-ray sources in GCs, either through normal stellar
evolution or strong dynamical encounters. On the
other hand, the weak dynamical interactions, such
as the two-body relaxation, may affect the evolu-
tion tracks of primordial binaries, by driving them
through sedimentation into the dense core of GCs,
thus enhancing the encounter probability of bina-
ries. We note that such a scenario is not only con-
sistent with the observed mass segregation effect of
X-ray sources in 47 Tuc, but also consistent with
the recent simulation results of Belloni et al. (2018).
By modeling a large sample of GCs, Belloni et al.
(2018) show that the majority of CVs in GCs are
descendant from primordial binaries (either through
primordial binary evolution channel or the dynami-
cal formation channel of primordial binaries). More
importantly, they found that the fraction of of CVs
inside/outside the half-light radius is modulated
by the cluster half-mass relaxation time Trel, and
with longer Trel, the higher the fraction of CVs
are located outside the half-light radius. Besides,
bright CVs tend to be more massive and they mi-
grate to the cluster center more faster, leading to a
higher concentration than faint CVs in more dense
GCs (also with smaller Trel, see Figure-9 and 10 of
Belloni et al. 2018 for details).
6. Summary
In this work, We have presented the most sensi-
tive and full-scale X-ray source catalogue for Glob-
ular Cluster 47 Tuc. By analyzing the radial prop-
erties of X-ray sources in the this cluster, our main
findings are as follows.
1. Our catalogue consists of 537 X-ray sources
and covers a total area of ∼ 176.7 arcmin2 (or within
a radius of 7.5′) in 47 Tuc.
2. The radial specific frequency of X-ray sources
in 47 Tuc peaks strongly in the cluster center,
rapidly decreases at intermediate radii, and finally
rises again at larger radii, with two distribution dips
at R ∼ 100′′ and R ∼ 170′′ for the faint (LX . 5.0×
1030 erg s−1) and bright (LX & 5.0 × 1030 erg s−1)
groups of X-ray sources, respectively. These distri-
bution shapes are similar to that of the Blue Strag-
gler Stars (BSS), where the distribution dip is lo-
cated at R ∼ 200′′ (Ferraro et al. 2004).
3. By fitting the radial distribution of each heavy
object (i.e., BSS, bright and faint X-ray sources)
with a “generalized King model”, we estimated an
average mass of 1.51 ± 0.17 M⊙, 1.44 ± 0.15 M⊙
and 1.16 ± 0.06 M⊙ for the BSS, bright and faint
X-ray sources, respectively. These results are qual-
itatively consistent with the observed distribution
dips of BSS and X-ray sources in 47 Tuc, and sug-
gests that mass segregation plays an important role
in creating these distribution features.
4. The distribution profiles of X-ray sources and
BSS are consistent with the mass segregation model
of binaries in GCs, which suggests that primordial
binaries are a significant contributor (at least part
of the contribution for the sources in cluster center
and nearly a full contribution for sources located in
the outskirts of 47 Tuc) to X-ray source population
in GCs.
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Table 1
Log of Chandra Observations
ObsID Date Arrays Livetime Ra Dec Roll Frame δx δy Rotation Scale
(ks) (◦) (◦) (◦) time (s) (pixel) (pixel) (◦) Factor
(1) (2) (3) (4) (4) (6) (7) (8) (9) (10) (11) (12)
78 2000-03-16 ACIS-I 3.87 5.97704 -72.07297 190.4 0.94 -0.078 -0.155 0.028 1.0014
953 2000-03-16 ACIS-I 31.67 5.97695 -72.07304 190.3 3.24 0.078 -0.230 0.032 0.9999
954 2000-03-16 ACIS-I 0.85 5.97716 -72.07304 189.9 0.54 0.269 -0.564 -0.088 0.9989
955 2000-03-16 ACIS-I 31.67 5.97696 -72.07294 189.9 3.24 0.142 -0.281 -0.013 0.9989
956 2000-03-17 ACIS-I 4.69 5.97700 -72.07282 189.5 0.94 0.098 -0.680 0.035 0.9994
2735 2002-09-29 ACIS-S 65.24 6.07523 -72.08251 0.4 3.14 0.066 0.116 0.021 1.0005
2736 2002-09-30 ACIS-S 65.24 6.07516 -72.08274 359.6 3.14 0.027 0.161 0.016 1.0002
2737 2002-10-02 ACIS-S 65.24 6.07491 -72.08330 357.5 3.14 0.034 0.164 -0.004 1.0008
2738 2002-10-11 ACIS-S 68.77 6.07322 -72.08552 349.2 3.14 0.000 0.000 0.000 1.0000
3384 2002-09-30 ACIS-S 5.31 6.07515 -72.08263 359.6 0.84 0.261 -0.126 -0.066 0.9985
3385 2002-10-01 ACIS-S 5.31 6.07498 -72.08296 358.8 0.84 -0.028 -0.240 0.038 1.0003
3386 2002-10-03 ACIS-S 5.54 6.07480 -72.08349 356.7 0.84 0.133 0.073 0.105 0.9989
3387 2002-10-11 ACIS-S 5.73 6.07299 -72.08544 349.2 0.84 -0.133 0.028 0.079 1.0009
15747 2014-09-09 ACIS-S 50.04 6.01653 -72.07805 22.2 0.44 -0.254 1.122 0.020 0.9987
15748 2014-10-02 ACIS-S 16.24 6.01984 -72.07846 2.2 0.44 -0.955 1.195 0.216 1.0008
16527 2014-09-05 ACIS-S 40.88 6.01654 -72.07804 22.2 0.44 0.276 0.141 0.062 0.9999
16528 2015-02-02 ACIS-S 40.28 6.01851 -72.08395 236.5 0.44 -0.316 0.300 -0.084 0.9985
16529 2014-09-21 ACIS-S 24.7 6.01989 -72.07845 2.2 0.44 -0.713 0.489 -0.061 1.0005
17420 2014-09-30 ACIS-S 9.13 6.01989 -72.07840 2.2 0.44 -1.168 0.681 0.007 1.0019
Note.—Cols. 1-3: Chandra observation ID, date and instrument layout for 47 Tuc. Cols. 4-8: Livetime, telescope optical pointing
position, roll angle and frame time of each observation. Cols. 9-12: Right ascension and declination shift, rotation angle and scale
factor of wcs match transformation matrix.
Table 2
Main Chandra Source Catalog
XID RA Dec Error R logPB Cnet,f Cnet,s Fp,f Fp,s logLX,f logLX,s
(◦) (◦) (′′) (′′) (cts) (cts) (ph/s/cm2) (ph/s/cm2) (erg/s) (erg/s)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
1 5.666170 -72.061835 0.5 402.3 <-5 15.3+4.5
−3.9
11.5+3.8
−3.2
1.08E-6 5.45E-7 30.83 30.31
2 5.691507 -72.022617 0.3 424.7 <-5 31.9+6.3
−5.5
30.7+6.0
−5.3
3.53E-6 2.18E-6 31.12 31.04
3 5.692831 -72.021512 0.2 425.4 <-5 46.2+7.3
−6.7
37.1+6.5
−6.0
4.07E-6 2.13E-6 31.31 30.97
4 5.720357 -72.045905 0.2 359.5 <-5 183+15
−14
139+12
−13
4.37E-6 1.98E-6 31.28 30.9
5 5.728573 -72.123989 0.6 360.8 -4.5 14.1+8.5
−7.9
15.4+6.1
−5.6
1.53E-7 9.92E-8 29.90 29.38
6 5.755388 -72.077648 0.4 297.4 <-5 30.9+8.0
−7.4
31.46.8
−6.1 3.78E-7 2.22E-7 30.30 29.78
7 5.762490 -72.120313 0.4 321.3 <-5 26.1+8.3
−7.8
9.45.0
−4.6 2.81E-7 6.02E-8 30.18 29.67
8 5.765549 -72.128034 0.2 331.4 <-5 134+13
−13
98.8+10.0
−10.6
1.78E-6 7.71E-7 30.94 30.47
Note.—Col. (1): Sequence number of the X-ray source catalog, sorted by RA. Cols. (2) and (3): Right ascension and declination for
epoch J2000.0. Cols. (4) and (5): Estimated standard deviation of the source position error and its projected distance from cluster center.
Cols. (6): Logarithmic Poisson probability of a detection not being a source. Cols. (7) – (10): Net source counts and photon flux extracted
in the full (0.5–8 keV) and soft (0.5-2 keV) band, respectively. Col. (9) and (12): Unabsorbed source luminosity in full and soft band. (The
table is available in its entirety in machine-readable form.)
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Table 3
Specific Frequence of X-ray Sources in 47 Tuc
R NX NB Ni Ni/Nt Li/Lt RX σX
(1) (2) (3) (4) (5) (6) (7) (8)
Bright Group: 1.0× 10−7 . Fp . 1.0× 10
−6
0-15 46 0.20 45.80 0.213 0.122 1.75 0.46
15-34 64 0.81 63.19 0.294 0.198 1.48 0.36
34-51 33 1.26 31.74 0.148 0.143 1.03 0.31
51-68 18 1.76 16.24 0.075 0.111 0.68 0.25
68-85 12 2.27 9.73 0.045 0.089 0.51 0.22
85-107 13 3.68 9.32 0.043 0.093 0.47 0.21
107-127 12 4.08 7.92 0.037 0.069 0.53 0.25
127-147 13 4.78 8.22 0.038 0.058 0.66 0.31
147-168 15 5.77 9.23 0.043 0.052 0.83 0.37
168-200 24 10.27 13.73 0.064 0.065 0.98 0.38
Faint Group: Fp & 1.0× 10
−6
0-30 36 0.19 35.81 0.514 0.220 2.34 0.79
30-60 14 0.58 13.42 0.193 0.192 1.00 0.44
60-120 11 2.31 8.69 0.125 0.217 0.57 0.29
120-220 8 7.28 0.72 0.010 0.184 0.06 0.01
220-320 14 11.56 2.44 0.035 0.104 0.34 0.27
320-450 30 21.43 8.57 0.123 0.083 1.48 0.76
Note.—Col. (1): Annulus ranges in units of arc-second. Cols. (2):
Detected X-ray sources within each annulus. Col. (3): Possible count
of CXRB sources. Col. (4): Number of background subtracted X-ray
sources within each annulus, Ni = NX −NB.
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